Neurofibromatosis type 1 (NF1) and its related disorders (NF1-Noonan syndrome (NFNS) and Watson syndrome (WS)) are caused by heterozygous mutations in the NF1 gene. Pulmonary stenosis (PS) occurs more commonly in NF1 and its related disorders than in the general population. This study investigated whether PS is associated with specific types of NF1 gene mutations in NF1, NFNS and WS. The frequency of different NF1 mutation types in a cohort of published and unpublished cases with NF1/NFNS/WS and PS was examined. Compared with NF1 in general, NFNS patients had higher rates of PS (9/35 ¼ 26% vs 25/2322 ¼ 1.1%, P valueo0.001). Stratification according to mutation type showed that the increased PS rate appears to be driven by the NFNS group with non-truncating mutations. Eight of twelve (66.7%) NFNS cases with non-truncating mutations had PS compared with a 1.1% PS frequency in NF1 in general (Po0.001); there was no increase in the frequency of PS in NFNS patients with truncating mutations. Eight out of eleven (73%) individuals with NF1 and PS, were found to have non-truncating mutations, a much higher frequency than the 19% reported in NF1 cohorts (Po0.015). Only three cases of WS have been published with intragenic mutations, two of three had non-truncating mutations. Therefore, PS in NF1 and its related disorders is clearly associated with non-truncating mutations in the NF1 gene providing a new genotype-phenotype correlation. The data indicate a specific role of non-truncating mutations on the NF1 cardiac phenotype.
INTRODUCTION
Neurofibromatosis type 1 (NF1, MIM #162200) is the most common dominantly inherited neurocutaneous disease with a birth incidence of at least 1:2500 worldwide. 1 The disease is characterized by multiple café au lait spots (CALS), skin-fold freckling, iris Lisch nodules and neurofibromas. In addition, there are a large number of disease complications, which can affect any body system. 2 NF1 is caused by heterozygous mutations in the NF1 gene (NF1, NM_001042492.1), located at chromosome17q11.2. As the great majority of the detected NF1 gene mutations in NF1 patients are truncating mutations, and as about 4-5% of the patients have a whole NF1 gene deletion, [3] [4] [5] it is clear that loss-of-function is the causative mechanism of NF1. Neurofibromin acts as a Ras-specific GTPase-activating protein and has a role in the Ras-MAPK (mitogen-activated protein kinase) pathway as a negative regulator of Ras. 6, 7 One of the challenges in counseling families with NF1 is the variability of the disease even within families. Genotype-phenotype correlations in NF1 are limited. The first group of patients with a specific genotype-phenotype correlation identified were those with large deletions involving the NF1 gene. 8 These patients have deletions of both the NF1 and a variable number of flanking genes. The deletions are usually associated with a more consistently severe phenotype, including facial dysmorphism, marked learning problems and increased neurofibroma burden. 8 More recently, a specific mutation has been found to be associated with a much milder NF1 phenotype with a lack of dermal neurofibromas, and increased rate of pulmonary stenosis (PS)-the NF1 exon 17 3-bp in-frame deletion (c.2970_2972delAAT). 9 In addition, heterozygous loss-offunction mutations in another gene, SPRED1, have been described to cause NF1-like disease associated with CALS and inguinal/axillary freckles but no neurofibromas or Lisch nodules (Legius syndrome (MIM# #611431)). 10, 11 Similarly to neurofibromin, SPRED1 is a negative regulator of RAS-MAPK signaling. 12 Before the cloning of the NF1 gene two other related disorders, Watson syndrome (WS) and NF1-Noonan syndrome (NFNS), had been described clinically, both have been shown to be caused by NF1 mutations. Watson 13 described autosomal dominant inheritance of PS, multiple CALS spots and intelligence at the lower end of the normal range. A few similar families have since been reported. Follow-up of the original Watson patients confirmed that their phenotype did appear distinct from NF1, as adult patients had few, if any, neurofibromas. 14 Molecular analysis has shown WS is caused by mutations in NF1. 9, 15, 16 At the time of most of the WS reports it was not recognized that PS occurs at an increased frequency in NF1. Today, sporadic cases with multiple CAL spots and PS are usually just considered to have NF1.
The other phenotype is NFNS, where patients have overlapping features of both NF1 and Noonan syndrome. Although originally reported as a distinct condition, subsequent clinical 17 and molecular analysis has shown that the majority of NFNS patients have only NF1 gene mutations, with a significantly higher prevalence of nontruncating mutations, particularly in-frame deletions, than in typical NF1. 18, 19 Two cases have been reported with both NF1 and PTPN11 mutations. In one, the patient inherited the PTPN11 gene mutation from a parent and had a de novo NF1 mutation, 20 and in the other a de novo PTPN11 gene mutation with inherited NF1. 21 Although molecular diagnostics have added to our understanding of these conditions, there remains considerable overlap: the same mutations have been seen in NF1 with no features of NFNS. 18 Some of the cases with the c.2970_2972delAAT exon 17 mutation were clinically diagnosed as NFNS or WS. 9 Individuals of all these three phenotypes: NF1, WS and NFNS, fulfill the NIH criteria for NF1 and have mutations in the NF1 gene. Therefore, they all may be considered as NF1 gene-related disorders. The only reason persisting with the distinction is whether they have a distinct natural history. To date, there is only a suggestion for this for WS, where the adult patients have had few, if any, neurofibromas. 14 The other important factor in our understanding of the pathogenesis of NF1-related phenotypes is the fact that the genes for NF1, Legius syndrome and NS are all in the Ras-MAPK pathway along with other syndromes with overlapping phenotypes. The group of disorders is now referred to as the Rasopathies. 22 The overlapping phenotypes of Rasopathies include PS, short stature, pectus abnormalities and learning problems.
Cardiac defects are uncommon in NF1, affecting only 54/2322 of the patients. 23 PS is the most common cardiac defect in NF1 and represented almost 50% of the cardiac malformations in the largest series of NF1 cases with cardiac problems (25/54). 23 At this frequency, PS is six times more prevalent in NF1 patients compared with the general population. No clear genotype-phenotype correlation for the cardiac phenotype in NF1 and/or NFNS has been suggested, although a trend of association was found between heart defects, NFNS and in-frame/single amino-acid substitution. 18 Given the previous observations of an increased prevalence of nontruncating mutations in NFNS, 18 of an excess of PS in patients with NF1, 23 particularly in patients with the non-truncating 3 bp exon 17 deletion, 9 we hypothesized that non-truncating mutations in NF1 may be responsible for particular disease features, especially those which overlap with other Ras-MAPK disorders. Here, we report our analysis of mutation type in patients with PS and NF1, WS or NFNS.
MATERIALS AND METHODS
We performed a search of electronic bibliographic data using Pubmed (http://www.ncbi.nlm.nih.gov/pubmed/); the search was restricted to English language publications involving humans and combining the terms: NF1, Neurofibromatosis, Watson Syndrome, NF1-Noonan syndrome, (NF1 þ noonan syndrome), (neurofibromatosis þ Noonan syndrome), pulmonary stenosis, cardiac defect and Heart. Cases of NF1, WS, NFNS, which had both a description of PS and intragenic mutations in the NF1 gene, were included in this study. In familial cases, we included families in which at least one individual with the disease had PS.
We then looked at the mutations that had been found in a series of unpublished cases of individuals with clinical diagnosis of NF1 (according to the NIH criteria), PS and intragenic NF1 gene mutations. These came from three sources: cases that had had diagnostic mutation testing in Tel Aviv and Manchester, and from the research mutation database in Cardiff. Ethical committee approval has been obtained for the research cases. Mutation anlysis was done either by DNA-based methods or by using the combined RNA/DNA approach developed by Messiaen et al. 3 
Statistical analysis
Categorical variables were analyzed and compared by Fisher's exact test. Results are expressed as P values and likelihood ratios (LR). Po0.01 was considered significant.
Prediction of the disease-related effect of the missense mutations
Prediction of the disease-related effect of the missense mutations was performed using the SNP &Go server (http://snps-and-go.biocomp.unibo. it/snps-and-go/index.html, Bologna Biocomputing Grou, university of Bolognia). 24 
Prediction of splicing effect
We have utilized Site Finder-like, MaxEntScan, NNSPLICE, GeneSplicer and Human Splicing Finder tools to assess splicing effect for missense mutations for which RNA analysis was not available.
RESULTS
For the analysis we have used the frequency of different cardiac defects reported from the NF1 international database (Lin et al 23 ). They reported 2550 patients, 228 of whom did not satisfy NIH NF1 diagnostic criteria. Of the 2322 patients that did satisfy criteria, 25 had PS. The frequency of different mutation types in NF1 from the large series is reported by Messiaen and Wimmer. 4 In their series of 1770 unrelated patients 27% had splicing mutations, 26% frameshift, 21% nonsense,18% missense or 1-multi AA del/dup, 5% large deletions, 2% had an intragenic copy number change and 1% had unique complex mutations. In our literature review we identified 35 cases of NFNS with mutation data, five patients with WS and only one case of NF1 with PS. We report 11 new cases of NF1 and PS with their mutation data. Reported patients with NFNS and PS Review of published clinical data identified 35 cases of NFNS, 9 of which had PS. The clinical and mutation data is summarized in Tables 1, 2 and Figure 1 . The reported molecular analyses of this group was based on DNA analyses except for a single case in which combined DNA/RNA approach was utilized. 19 The disease association predictive tool (SNP &Go 24 ) suggested a disease causative prediction with maximal reliability score in all of the mutations associated with NFNS and PS. In addition, using Splice Site Finder-like, MaxEntScan, NNSPLICE, GeneSplicer and Human Splicing Finder tools no effect on splicing was predicted for these mutations. PS is about 20 times more prevalent in the NFNS group compared with the NF1 group (9/35 ¼ 26%) vs 1.1% (25/2322); Po0.001, LR ¼ 40).
Thirty of the published NFNS group had mutations identified, 9 of whom had PS, 29 of them had an intragenic mutation, whereas 1 had a whole gene deletion. In 28 of them, information regarding the cardiac status was available. The difference in PS prevalence between the NFNS group and the NF1 group, was shown to be driven by the NFNS patients with non-truncating mutation: 66.7% (8/12) of NFNS with non-truncating mutation patients had PS vs 1.1% (25/2322) 23 in NF1 (Po0.001, LR ¼ 55); only 6.2% (1/16) NFNS patients with a truncating mutation had PS, not significantly different from NF1 patients: 1.1% (P ¼ 0.164) ( Table 1) .
Analyzing the patient groups by mutation type showed that overall 12/29 (41.4%) patients with NFNS and intragenic mutation had a non-truncating intragenic mutation compared with 326/1681 (19.4%, 4 ) individuals with NF1, (Po0.003, LR ¼ 7.2; Figure 1a ). Eight out of nine (88.9%) patients with NFNS and PS had a nontruncating mutation compared with only 4/19 (21%) NFNS patients without PS. The former group, therefore, had a very significant excess (88.9% vs 19.4% (Po0.0001, LR ¼ 20.2), whereas the non-PS NFNS cases had a similar frequency of non-truncating mutations to the large NF1 cohort (21% vs 19.4%, P ¼ 0.7; Figure 1b ).
Reported patients with WS
WS includes, by definition, NF1 phenotype and PS. Given that, we have decided next to test the frequency of non-truncating mutations among patients with WS. However, as of now, only five patients/ families with WS and NF1 molecular analysis have been reported (Table 3) . Moreover, only three of these families had characterized intragenic mutations, two with in-frame mutations, and one with nonsense mutation. Two families had deletions within the NF1 gene, with no available information regarding the effect of these changes on the reading frame. Thus, from the published cases there is a potential increase in non-truncating mutations in WS too (2/3) as seen in NFNS with PS; however, given the low number of WS cases, a statistical analysis has not been performed, and these results could still be an accidental finding.
Reported cases with NF1 and PS cases
Having established a genotype-phenotype correlation between the mutation type and the existence of PS among NFNS patients and a similar trend among WS patients, we then looked for such a correlation among individuals with NF1 and PS. As noted, there is a lack of published data regarding the molecular analysis of patients with NF1 and PS. The largest study concerning cardiac defects in individuals with NF1 provides molecular data only in one case out of 25, of those who were concurrently afflicted by PS. 23 That individual had an entire gene deletion, which may cause by itself heart defects due to contiguous gene deletion.
Unpublished cases
In Table 4 we summarize the clinical and mutational data for 11 unpublished cases with a clinical diagnosis of NF1, according to the NIH criteria, and PS. Some of these individuals were clinically diagnosed as having NFNS or WS and this is summarized in Table 4 . Reflecting our current clinical practise of treating all of these individuals as having NF1 we analyzed the mutational data as a group. Four patients had missense mutations; two cases shared the 4 (b) Stratifying the NFNS patients by their mutation type showed that among individuals with NFNS and PS 88.9% (8/9) had non-truncating mutations, whereas only 21% (4/19) 4 of individuals with NFNS without PS had non-truncating mutations. 24 ) in all of these mutations revealed a diseasecausative prediction with maximal reliability score. RNA analyses for both the c.3827G4A mutation 32 and the c.3572C4G mutation showed no effect on splicing for these two mutations. The molecular analysis of one case was based on solely DNA analysis (c.4277A4G).
No effect on splicing was predicted for this mutation using the following in silico tools; Splice Site Finder-like, MaxEntScan, NNSPLICE, GeneSplicer and Human Splicing Finder. Two had in-frame 3 bp deletions, one being a further case of c.2970delAAT. 9 One patient had a deletion of exon 14, which should not affect the reading frame. Three patients had truncating mutations: one of them had a nonsense mutation, another had out-of-frame deletion, and another mutation was a splice site mutation expecting to result in out-of-frame mutation. 4 Overall, 8/11 (73%) of individuals with NF1 and PS had non-truncating mutations compared with 19.4% 4 of the general population of individuals with NF1 (P ¼ 0.015) (Figure 2 ).
DISCUSSION
Genotype-phenotype correlations have a vital role in clinical genetics. Such correlations, when detected, may affect patient care and surveillance. Moreover, genotype-phenotype correlations may increase our understanding regarding the normal gene function, the pathophysiology of a disease, and assist to prevent and to develop novel therapeutic approaches.
NF1 is characterized, however, by poor genotype-phenotype correlations. Accordingly, it may serve as one of the best examples of a disorder with striking clinical variability, not only between unrelated individuals with similar mutations, but even among affected individuals within the same family. Here, we describe a genotype-phenotype correlation between non-truncating disease causing mutations in the NF1 gene and PS. Such a correlation has been observed before in a cohort of a particular in-frame NF1 gene mutation (c.2970-2972 delAAT) 9,26 and we report a further case with this mutation.
NF1 is caused, in the great majority of the cases, by truncating mutations or whole gene deletions, expected to cause decay or absence of the RNA generated from the mutated allele. The fact that the total amount of protein is translated from a single allele creates a dosage effect. In addition, in such situations the cells are vulnerable for the effect of somatic mutation occurring at the other allele. It is intriguing, therefore, that only non-truncating mutations predicted to be associated with the presence of abnormally functioning protein are associated with PS. This implies that the PS is caused by an additional effect of the mutated protein rather than the common loss-offunction effect.
PS is a classic feature of other Rasopatheis such as Noonan syndrome and multiple lentigines syndrome (Leopard syndrome). As NF1 gene has a role in the Ras-MAPK pathway as well, we believe that PS in NF1, similar to the PS phenotype seen in Noonan syndrome and other Ras-MAPK disorders is related to the role of NF1 in the Ras-MAPK pathway.
In conclusion, it might be possible that the truncating and nontruncating mutations in the NF1 gene may have a similar role in some aspects of the disease, but different roles in other aspects. The fact that PS is associated with non-truncating mutations that, unlike the NF1 and pulmonary stenosis S Ben-Shachar et al truncating mutations, do not result in loss of the NF1 protein suggests that the abnormal protein has a special cardiac effect. That effect may be similar to the cardiac effect of Noonan syndrome and other rasopathies and may represent a specific role of these mutations in the Ras-MAPK pathway. Ras-MAPK inhibitors have been recently suggested to have a therapeutic role for NF1-related learning problems and in Rasopathies in general. 22 If indeed, different NF1 mutations affect the activity of the Ras-MAPK pathway differently, than the effect of such drugs may be variable on the patients, based on their specific mutation type. It may be that other features of NF1 and its related disorders may be associated with specific effects of the NF1 mutation type, particularly those that are shared with other Rasopathies such as Noonan-like facies, pectus abnormalities, webbed neck and short stature.
Our findings may not only enable a better understanding of the disease processes and the NF1 gene physiological effect, but may have some practical aspects related to improvement patients' care and surveillance as well. Careful cardiac examination is already part of routine NF1 care in early childhood. If our findings are confirmed in larger studies, perhaps echocardiograms should be performed on children with NF1 and non-truncating mutations.
Finally, the findings of increasing numbers of possible genotypephenotype correlations in small series of NF1 patients 19, [29] [30] [31] suggest the need for renewed interest in this area with further large prospective studies of well-characterized patients.
